Signaling pathways regulating cell proliferation and survival have become attractive targets for anticancer strategies. In the present study, we analyzed by immunohistochemistry, a panel of benign nevi, superficial spreading and nodular primary melanomas and metastases for expression of activated p38/mitogen-activated protein kinase (p-p38) and c-jun N-terminal kinase (JNK) (p-JNK) and correlated the findings with known prognostic variables. Twenty-five and 35% of the primaries and 9 and 25% of the metastases expressed variable levels of p-p38 and p-JNK, respectively. In benign nevi, 73.5% expressed p-JNK and 7% expressed p-p38. For patients with superficial spreading melanomas, high level of cytoplasmic p-JNK was associated with thicker tumors (P ¼ 0.017) and shorter disease-free survival (P ¼ 0.003) as well as with markers of cell proliferation (cyclin A (P ¼ 0.017) and p21 (P ¼ 0.021)). In nodular melanomas, nuclear p-p38 was associated with Ki-67 (P ¼ 0.012), but neither cytoplasmic nor nuclear localized p-p38 was associated with disease outcome. Of note, in superficial spreading melanomas, a positive correlation between cytoplasmic p-JNK and cytoplasmic p-extracellular signal-regulated kinase ERK1/2 (P ¼ 0.005) and p-p38 (P ¼ 0.003) was observed. Likewise, p-p38 in cytoplasm was positively associated with cytoplasmic p-ERK1/2 (Po0.0005) and p-Akt (P ¼ 0.047). In contrast, except for a positive correlation between nuclear p-p38 and membranous p-TrkA (P ¼ 0.02), no correlation between the activation status of the different signaling pathways was observed in nodular melanomas. In conclusion, our results suggest that in benign nevi activated JNK may have a role in restricting uncontrolled cell proliferation or survival. However, during tumor progression, activation of JNK is associated with cell proliferation and shorter relapse-free period for patients with superficial spreading melanomas, suggesting that the JNK activation status could be a marker for clinical outcome in at least a subgroup of malignant melanoma. In contrast, activation of p38 seems to play a less important role in development and progression of malignant melanomas.
Malignant melanoma is the most rapidly increasing cancer form in the western world today, a phenomenon that is most likely caused by increased exposure for UV-radiation. At an early stage, melanomas can be cured by surgery, but once the tumor has spread beyond the skin, it is almost incurable by available chemotherapy. Novel therapies directed against melanoma-selective targets are therefore urgently needed. Dysregulated signaling pathways that regulate cell proliferation and survival are commonly observed in cancer and in recent years these pathways have become attractive targets for anticancer strategies (reviewed in Bode and Dong 1 ). Thus, it is of major importance to elucidate the activation status as well as the mechanisms leading to abrogated signaling in different forms of cancer.
The mitogen-activated protein kinases (MAPKs) represent a family of serine-threonine kinases involved in a wide range of cellular responses. Depending on the cellular context, activation of MAPKs has been correlated with proliferation, differentiation, cell survival and apoptosis (reviewed in Kyosseva 2 ). In mammalian cells, three major groups of MAPKs have been identified; the extracellular signal-regulated kinases (ERK1/2), c-jun N-terminal kinase (JNK) and p38/MAPK. ERK1/2 is a component of the RAS-RAF-MEK-ERK1/2 pathway, and is mainly stimulated by growth factors and cytokines. JNK and p38, also called stressactivated protein kinases, are activated by cellular stress (eg, UV irradiation, osmotic stress, heat shock, protein synthesis inhibitors), inflammatory cytokines (eg, tumor necrosis factor-a and interleukin-1) and G-protein coupled agonists (eg, thrombin). Like ERK1/2, JNK and p38 are activated by dual phosphorylation on tyrosine and threonine residues by MAP kinase kinases (MKKs). Whereas MKK3 and MKK6 selectively phosphorylate and activate p38, JNK is activated by MKK4 and MKK7 (reviewed in Hagemann and Blank 3 ). p38 and JNK regulate the expression of a number of cytokines, transcription factors and cell surface receptors. Activated p38 has been shown to phosphorylate cellular targets like phospholipase A2, the microtubule-associated protein Tau, and the transcription factors ATF-1 and -2, MEF-2A, Sap-1, Elk-1, NF-kB, Ets-1 and p53 (reviewed in Roux and Blenis 4 ). One of the main substrates of JNK is the transcription factor c-jun, which upon transactivation leads to increased expression of genes with AP-1 sites in their promoters, including the c-jun gene itself. Other JNK substrates include ATF-2, Elk-1, p53, DPC-4, Sap-1a and NFAT-4, all positive regulators of the transcription factor c-fos, further increasing AP-1 level. Activated JNK also phosphorylates JunB, JunD and the Ets-related transcription factor PEA3 (reviewed in Zhang and Liu 5 ). Constitutive activation of the MAPK cascades has been observed in various in vitro tumor cell lines, 6, 7 and has been associated with carcinogenesis and metastatic potential of human cancers. 8, 9 Until recently it has been anticipated that the MAPK/ ERK1/2 signaling pathway is involved in cell proliferation and survival, whereas activated JNK and p38 have been suggested to act as proapoptotic tumor suppressors. Recent discoveries have, however, revealed that several MAPKs can phosphorylate the same substrates and also affect each other through cross-talk reactions and feedback mechanisms (reviewed in Engelberg 10 ). In this regard, Aguirre-Gisho et al 11 recently showed that ERK1/2 activation is regulated by p38.
Although the MAPK pathways have been thoroughly studied in in vitro models, few studies on the activation of JNK and p38, in particular, have been carried out in vivo. Activation of both JNK and p38 has been reported in breast carcinoma, 12 metastatic serous ovarian carcinoma 13 and in gastric cancer 14 whereas activation of JNK and p38 alone has been reported in poorly differentiated liver tumors 15 and in prostate cancer, 16 respectively. A correlation between activated JNK and early stages of nonsmall-cell lung cancers has been described. 17 Moreover, deactivation of p38 and JNK has been found in human colon cancers compared to adjacent normal mucosa 18 as well as in advanced rat prostate carcinoma. 19 In this study, we have investigated the expression of activated p38 and JNK in human malignant melanoma biopsies using immunohistochemistry, and assessed the relationship between activated p38 and JNK and known prognostic variables, cell cycle factors and disease progression.
Materials and methods

Specimens
Formalin-fixed, paraffin-embedded tissue from 152 primary (94 superficial spreading melanomas and 58 nodular melanomas) and 68 metastatic melanomas, as well as 27 benign nevi, was examined for the expression of p-p38. Sections from 154 primary (93 superficial melanomas and 61 nodular melanomas) and 73 metastatic melanomas, together with 34 benign nevi, were examined for expression of p-JNK.
Immunohistochemical Analysis
Sections of formalin-fixed, paraffin-embedded tissue were immunostained using the two-step EnVision system (DAKO EnVision TM DAKO A/S, Glostrup, Denmark). Deparaffinized sections were microwaved in low pH buffer (pH 6.0) (DAKO A/S, Glostrup, Denmark) at 750 W for 5 min and then at 500 W for 15 min to unmask the epitopes. After treatment with 1% hydrogen peroxide for 5 min to block endogenous peroxidase, the sections were incubated with polyclonal rabbit anti-phospho-JNK1/2 (Biosource, Camarillo, CA, USA) and polyclonal anti-phospho-p38 (Biosource) for 30 min at room temperature. The sections were then incubated with HRP-labeled secondary antibody for 30 min followed by 20 min incubation at 371C with AEC substrate (DAKO A/S). The sections were counterstained with hematoxylin, and mounted in glycerine. All series included positive controls. Negative controls included substitution of the primary antibody with mouse myeloma protein of the same isotype and concentration as the monoclonal antibody. All controls gave satisfactory results. Immunostains for cyclins A, D1 and D3, Ki-67, p21 WAF1/CIP1 , p27 kip1 , pERK1/2, pAkt and TrkA are described previously. [20] [21] [22] [23] [24] [25] [26] Five semiquantitative classes were used to describe the number of stained cells: negative, r5%, 6-25%, 26-75%, 76-100%. Both nuclear and cytoplasmic staining was scored. The staining was evaluated by an experienced surgical pathologist (BD).
Statistical Analysis
The relationship between activated JNK and p38 expression and mean tumor thickness was evaluated nonparametrically using the Mann-Whitney two-sample test. Owing to the relatively low numbers of specimens examined, the comparison between the expression of p-JNK and p-p38 and other markers of cell cycle progression and signaling was performed using the Fisher exact test. The Student's t-test was used to compare the activation of JNK and p38 in benign nevi and primary melanomas as well as for evaluating the relationship between activation of JNK and p38 and melanoma subtypes. KaplanMeier estimates and the log-rank test were used to evaluate the survival data statistically. Po0.05 was considered statistically significant.
Results
Expression of Activated p38 and JNK in Primary and Metastatic Melanoma Lesions
p-p38 and p-JNK staining results are summarized in Tables 1a, b and 2. For both proteins, a heterogeneous cytoplasmic and/or nuclear staining pattern was observed ( Figure 1 ). Thirty-eight of 152 (25%) primary melanomas expressed detectable levels of activated p38 in the cytoplasm, nucleus or both (Table 1a) . Notably, there was a clear decline in the number of tumors expressing activated p38 in the metastases compared to the primary tumors (P ¼ 0.005) as only six of 68 (9%) showed positive immunostaining in the cytoplasm and/or nucleus. In 31 cases, both primary and metastatic tumors from the same patient were available for p38 analysis. Seven (23%) showed positive immunostaining in the primary tumor only, three (10%) in the metastatic tumor only, whereas one case was positive in both the primary and the metastatic lesion. Activated p38 was detected in only two of 27 (7%) benign nevi.
Activated JNK was observed in 54 of 154 (35%) primary melanomas, with p-JNK more frequently observed in the nucleus in nodular than in superficial spreading melanomas (P ¼ 0.042) (Table 1b) . A moderate decline in JNK activation in the metastases as compared to the primary melanomas was observed, as only 18 of 73 metastases (25%) showed positive immunostaining. In 38 cases, both primary and metastatic tumor from the same patient were available for p-JNK analysis. Ten (27%) were positive in the primary tumor only, six (16%) in the metastatic tumor only and four (11%) cases showed positive immunoreactivity in both primary and metastatic lesion. Interestingly, we noted that ) a Activated JNK in the nucleus was more frequently observed in nodular melanomas than in superficial spreading melanomas (P ¼ 0.042). Cell signaling in melanoma K Jørgensen et al Figure 1 Immunohistochemical staining of activated p38 and JNK, demonstrating variable levels of nuclear and cytoplasmic expression of p-p38 in primary melanomas (a and b), negative expression of p-p38 in benign nevus (c), variable levels of cytoplasmic and nuclear expression of p-JNK in primary melanomas (d and e) and nuclear expression of p-JNK in benign nevus (f).
Cell signaling in melanoma K Jørgensen et al activated JNK was significantly more frequently expressed in benign nevi than in primary (Po0.0005) and metastatic (Po0.0005) melanomas with positive staining in 25 of the 34 (74%) cases. In the nevi, p-JNK staining was exclusively localized to the nucleus.
Expression of Activated p38 and JNK in Relation to Clinical Parameters
As very few of the tumors expressed p-p38 or p-JNK in more than 5% of the cells (Table 2) , we decided to categorize cases as negative vs positive rather than according to the percentage of positive cells. We did not find any correlations between p-p38 and p-JNK and clinical parameters such as tumor thickness, the presence of ulceration, relapse-free and overall survival when evaluating the total number of primary melanomas. However, when analyzing superficial spreading and nodular melanomas separately, we observed an association between cytoplasmic p-JNK and tumor thickness in superficial spreading melanomas (P ¼ 0.017), with higher activation level in thicker tumors (Table 3) . Moreover, a significant correlation between lack of cytoplasmic p-JNK and longer relapse-free period was observed for patients with superficial spreading melanoma (P ¼ 0.003) (Figure 2 ).
Relationship between Activated p38 and JNK Expression and Cell Cycle Markers
Several studies have demonstrated a correlation between cell proliferation and activation of p38 and/or JNK (reviewed in Engelberg 10 ). The panel of malignant melanomas has been examined previously for expression of factors involved in cell cycle regulation and proliferation (cyclin A, D1, D3, Ki-67, p21 WAF1/CIP1 and p27 Kip1 ). [20] [21] [22] 26 It was of interest, therefore, to study the possible association between these markers and the activation status of p38 and JNK in this cohort of tumors. A significant positive association between activated p38 in the nucleus and Ki-67 (P ¼ 0.012) was observed in nodular melanomas (Table 4a) . We also observed a significant positive association between the presence of p-JNK in the cytoplasm and cyclin A (P ¼ 0.017) and p21 WAF1/CIP1 (P ¼ 0.021) in superficial spreading melanomas (Table 4b ). Moreover, we found an association, although not significant, between cytoplasmic p-JNK and cyclin D3 (P ¼ 0.075) and Ki-67 (P ¼ 0.088) in superficial spreading melanomas as well as between cytoplasmic p-JNK and cyclin D3 (P ¼ 
Cell signaling in melanoma
K Jørgensen et al a number of studies have documented cross-talks between the different signaling pathways, 11,27-32 it was of interest to examine whether such associations also exist in melanoma. A significant positive correlation between cytoplasmic p-p38 and p-ERK1/ 2 (Po0.0005) as well as between cytoplasmic p-JNK and p-ERK1/2 (P ¼ 0.005) in superficial spreading melanomas was found (Table 4a and b) . Moreover, we observed a significant positive association between cytoplasmic localized p-p38 and p-Akt (P ¼ 0.047) in superficial spreading melanomas and a marginally positive association between nuclear expression of p-JNK and p-Akt (P ¼ 0.059) in nodular melanomas. We could not find any associations with PTEN. Finally, the presence of p-p38 and p-JNK in the cytoplasm was positively correlated to each other (P ¼ 0.003) in superficial spreading melanomas. Expression levels of cyclins A, D3, p21 WAF1/CIP1 , p-ERK1/2, p-Akt and p-TrkA were scored as described in [20] [21] [22] [23] [24] [25] . Expression levels of cyclin A and Ki-67, cyclin D3, p21WAF/CIP1, p-ERK1/2 and p-Akt were scored as described in Florenes et al, 21, 25 Maelandsmo et al, 22 Jorgensen et al 23 and Slipicevic et al.
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Activated p38 is Associated with Activated TrkA
Upon activation, tyrosine receptor kinases have been shown to activate several signaling cascades of which the MAPK/ERK1/2 and the phosphatidylinositol 3 0 -kinase (PI3K) are the most common ones. 33 As we have previously found that these two pathways are not activated by TrkA in our melanoma specimens 25 (unpublished results), we wanted to examine whether p-TrkA rather could activate the JNK and/or p38 pathways. As shown in Table 4a , a significant positive association between p-p38 in the nucleus and p-TrkA in the membrane (P ¼ 0.02) as well as a close to significant correlation between nuclear p-p38 and cytoplasmic p-TrkA (P ¼ 0.078) was observed in nodular melanomas. No correlation between JNK activation and TrkA activation was seen.
Discussion
In the present study we used immunohistochemistry to examine the activation status of p38 and JNK in a panel of melanocytic tissue. The obtained data were used to evaluate to what extent p38 and JNK activation had an impact on patient clinical outcome.
In agreement with other studies, 12,15-17 we observed a heterogeneous cytoplasmic and/or nuclear pattern of activated p38 and JNK in both primary and metastatic malignant melanomas. Owing to the fact that only 1/10 000 cells in the primary tumor is able to metastasize, it is important to detect tumor subpopulations that have markers of increased aggressiveness. We therefore believe that the 5% cutoff set in our study is of biological relevance. Of particular interest is our finding demonstrating the presence of exclusively nuclear JNK activity in a very high percentage of benign nevi. This finding is in contrast to Kunz et al 34 who showed no p-JNK immunoreactivity in benign nevi. It is, however, well accepted that UV exposure may result in JNK activation followed by induction of c-jun, activation of the AP-1 transcription factor complex and apoptosis (reviewed in Shaulian and Karin 35 and Silvers et al 36 ) . Benign nevi are located in the skin surface and are thoroughly exposed to UV-radiation and it may be speculated, therefore, that the profound JNK activation has a protective role restricting uncontrolled growth or survival of the nevus cells. Although p38 has been shown to also be activated by UV-radiation, 37 the low degree of activation in benign nevi suggests a less obvious role for this kinase in early stages of melanogenesis. In support of the differential activation of JNK and p38 in benign nevi, Vicent et al 17 recently observed activation of JNK but not p38 in normal cells of the lung. Similarly, JNK activation was seen predominantly in normal mammary ducts and less in breast cancer cells whereas the opposite activation pattern was observed for p38. 38 In contrast, Vintman et al 39 did not observe any differences in activation status of JNK and p38 in benign vs malignant mesotheliomas.
In accordance with the presence of activated JNK and p38 in the cytoplasm of malignant melanomas, observations are emerging suggesting the existence of cytoplasmic JNK and p38 targets as well. In this regard, activated JNK has been shown to phosphorylate and inactivate proapoptotic Bad protein 40 as well as phosphorylate and inactive antiapoptotic Bcl-2 and Bcl-x L proteins (reviewed in Engelberg 10 ). Likewise, p38 has been demonstrated to phosphorylate and inactivate Bcl-2 and Bcl-x L as well as to alter mitochondrial permeability leading to the release of cytochrome c. 41, 42 Deactivation of JNK and p38 concomitant with increased tumor aggressiveness has been previously described in rat prostate and human colon cancer. 18, 19 Furthermore, JNK activation was associated with early-stage non-small-cell lung cancer 17 whereas deactivation of p38 has been associated with progression of hepatocellular carcinomas. 18 In accordance with these studies, we observed a marked deactivation of p38 and a marginal deactivation of JNK in melanoma metastases as compared to primary tumors and it has been speculated that deactivation of p38 and JNK in advanced tumors provide cells with an antiapoptotic mechanism and growth advantage (reviewed in Engelberg 10 ). In contrast to what was expected, our results showed that lack of cytoplasmic JNK activation in superficial spreading melanomas was associated with thinner primary tumors and prolonged disease-free survival. This observation is, however, in accordance with a similar observation made in breast cancer 38 and supports the hypothesis put forward by Engelberg, 10 suggesting that the stress-activated kinases play different roles in early stage vs advanced tumors. The effect on disease progression is, furthermore, supported by the observed association between p-JNK and the levels of proteins involved in regulating cell cycle progression. Thus, activated cytoplasmic JNK was significantly associated with cyclin A and p21 CIP1/WAF1 and although not significant, with Ki-67 and cyclin D3 protein levels in superficial spreading melanomas. In this regard, we have previously reported an association between expression of cyclin A and cyclin D3, cell proliferation and disease outcome in superficial spreading melanomas. 20, 21 Furthermore, in a previous study we have suggested that p21 CIP1/WAF1 may play a role in facilitating cell cycle progression in early-stage superficial spreading melanomas. 22 In agreement with our results, Margheri et al 43 observed a decline in JNK phosphorylation concomitant with inhibition of cyclin D3 and cyclin A in response to blocking the urokinase receptor. Moreover, Nuntharatanapong et al 44 and Kim et al 45 reported a positive correlation between the cdk-inhibitor p21 WAF1/CIP1 and cytoplasmic p-JNK.
Although our results suggest that JNK activation does not affect cell proliferation and disease outcome in nodular melanomas, we cannot exclude a role in invasion and/or motility. In wound healing, cytoplasmic p-JNK has been shown to be involved in control of cell motility by regulating protrusion and migration in a gene-expression independent manner. 46 Moreover, a number of studies have demonstrated the induction of matrix metalloproteinase-2 (MMP-2) by JNK in several tumor forms, including melanomas. 47 In fact, it has been suggested that the multiple MAPK pathways cooperate in the regulation of MMP transcription in response to different signals (reviewed in Westermarck and Kahari 48 ). In contrast to p-JNK, p38 activation was not associated with markers of cell cycle progression or disease outcome in superficial spreading melanomas. In nodular melanomas, on the other hand, the presence of activated p38 in the nucleus was associated with Ki-67 expression. However, we have previously shown that the level of Ki-67 has little impact on disease progression of this subtype. 20 Together these findings suggest that p38 does not play a major role in the development or progression of melanocytic tumors and that the observed activation is rather an effector of other signaling pathways. In support of this, Aguirre-Ghiso et al 11 suggested that the p38 pathway may be altered or dysfunctional in melanomas.
We have previously shown that p-TrkA is expressed by primary and metastatic melanomas and is associated with poor clinical outcome. 25 However, we were not able to demonstrate any association between p-TrkA and the major downstream signaling pathways ERK1/2/MAPK or PI3K suggesting that other signaling pathways downstream of TrkA are activated. In the present study, we found that membranous p-TrkA was significantly associated with nuclear activated p38 in nodular melanomas and a close to significant association between cytoplasmic p-TrkA and nuclear p38 was seen as well. However, the lack of association between p38 activation and clinical parameters suggest that activation of TrkA may also lead to activation of other downstream targets.
Numerous studies have demonstrated both positive and negative cross-talk between different signaling pathways. 11, [27] [28] [29] [30] [31] [32] We observed a strong significant positive association between the activation status of cytoplasmic JNK, p38, and ERK1/2 in superficial spreading melanomas as well as an association between activation of Akt and p38 in the cytoplasm. In a study by Pedram et al 32 expression of vascular endothelial growth factor was shown to induce a positive ERK1/2-JNK crosstalk in endothelial cells. However, this is in contrast to the findings of Shen et al 30 who concluded that sustained JNK activation uncouples ERK1/2 activation from MEK, indicating a negative cross-talk between these two pathways in Jurkat cells. Moreover, our data are not in agreement with studies showing a negative cross-talk mechanism between p38 and ERK1/2 in several tissues. 11, [27] [28] [29] Common for these studies is the observation that inhibiting one pathway induces a robust increase in activation of the other and vice versa. This again demonstrates the complexity of signaling in different environments. Thus, in melanoma we might suggest a positive cross-talk mechanism between the different MAPKs.
We observed few correlations between pJNK and p38 in nodular melanomas compared to the superficial spreading melanomas. The different biology of these two tumor types may partly explain these variations, but we cannot exclude that this could be due to the relative small number of tumors.
We report that activated JNK and p38 are expressed by a subset of melanocytic tumors. In benign nevi, activated JNK suggest a role in restricting uncontrolled cell proliferation or survival. In contrast, expression of p-JNK might suggest an aggressive phenotype and poor clinical outcome for patients suffering from superficial spreading melanomas. Furthermore, our results suggest that activation of p38 does not play a major role in the development and/or progression of neither superficial spreading melanomas nor nodular melanomas.
